The Lsh/Ity/Bcg locus on mouse chromosome 1 regulates macrophage (m~b) priming/activation for antimicrobial activity against intracellular pathogens. A candidate Bcg gene, designated natural resistance-associated m~b protein (Nramp), recently isolated from a pre-B cell cDNA library encodes a polytopic integral membrane protein with structural features common to prokaryotic and eukaryotic transporters. In the present study, an activated m~b cDNA library yielded new Nramp clones that differ in the 5' region from the published pre-B cell-derived clone sequence, resulting in addition of 64 amino acids at the NH2 terminus of the predicted protein. This new domain is rich in proline, serine, and basic amino adds, and includes three protein kinase C phosphorylation sites and a putative Src homology 3 binding domain. RNAs containing this domain are the only form found in the m~b. Hence, the protein encoded by this P, NA is the candidate molecule mediating natural resistance to intra-mq~ pathogens.
T
he murine macrophage (m~b) resistance gene Lsh/Ity/Bcg regulates the priming/activation of m~b for antimicrobial activity against Leishmania donovani, Salmonella typhimurium, and Mycobacterium spp. (1) (2) (3) (4) (5) . Recently Vidal et al. (6) isolated a candidate gene, designated Nramp (natural resistance-assodated m~b protein), that encodes a polytopic integral membrane protein that has structural features common to prokaryotic and eukaryotic transporters. The presence of a small consensus motif showing sequence identity with nitrate transporters led these workers to hypothesize that Nramp might function as a nitrate concentrator in the phagolysosome membrane of the infected mck, the acid environment of the phagolysosome mediating conversion via nitrite to toxic nitric oxide (NO). However, this hypothesis fails to take account of many studies demonstrating that Lsh/Ity/Bcg regulates m~b activation (7) (8) (9) (10) leading to the TNF-c~-dependent production of antimicrobial NO (11) . The gene also has many pleiotropic effects including: (a) downregulation of 5'nucleotidase (9, 10) ; (b) upregulation of MHC class II, TNF-o~ production, IL-I~ expression, AcM.1 antigen expression, oxidative burst, and tumouricidal activity (7) (8) (9) (10) ; (c) rapid (within 30 rain) upregulation of the early gene KC, a neutrophil-specific chemoattractant of the IL-8-related C-X-C family of small peptide cytokines (12) ; and (d) integrin-mediated upregulation of TNF-o~ production by plating m~b onto the extracellular matrix proteins fibrinogen and fibronectin (13) . These observations suggest that Lsh/Ity/Bcg must encode a molecule that plays a role early in the m~b activation pathway leading to antimicrobial activity. A study of m~-expressed Nramp was therefore undertaken to determine how gene structure might relate to these functional observations and whether Nramp is a valid Lsh/Ity/Bcg gene candidate.
Materials and Methods
Sequence Analysis of Nramp Clones from mq~ cDNA Library. MclJNramp clones were isolated from an activated (4 h stimulation; 25 U/m1 interferon-')', 10 ng/ml S. typhimurium LPS) mouse (BIO.L-Lsh r) m~b cDNA library prepared in X UniZap (Stratagene, La Jolla, CA). Clones were isolated by filter plaque hybridization using a probe generated by reverse transcriptase-PCK corresponding to nucleotides 1410-1812 bp of the published (6) sequence. After plaque purification, 35 clones from 106 recombinants were analyzed by PCR using sense and antisense Nramp primers in combination with T3 and T7 vector arm primers. This allowed the mapping of clones with respect to the published sequence. 20 out of 30 were 1.0-1.5 kb and were not analyzed further. The remainder were 2.1-2.3 kb and potentially full-length ?Cramp clones. These were restriction mapped and four were selected for sequencing (Sequenase II) including the longest clone X8.1.
pCR vector (Invitrogen, San Diego, CA) and sequenced (Sequenase II) from double stranded plasmid DNA from at least two clones of each using primers complementary to the cDNA sequence. Splice junctions were identified by comparison of the genomic and cDNA sequences. Genomic sequence was also obtained across exon 2 of the human NRAMP gene using an 18-kb EMBL3 clone isolated from subcloned human YAC clone AMll/D3/14 (Imperial Cancer Research Fund library, London, UK). This YAC was shown by fluorescence in situ hybridization (FISH) to hybridize to the region of human 2q35 homologous with murine chromosome 1.
Northern Blot and Primer Extension Analysis of Nramp Expression.
Cytoplasmic total RNA isolated in the presence of vanadyl ribonucleoside complexes was used for denaturing gel electrophoresis with glyoxal and Northern blotting, or directly for reverse transcriptase reactions for primer extension analysis. Hybridizations were performed using probes derived from a PCR product (primers CCT GGT GAC CAC ACA CAG and TGC AAG CAG ATC GGG TCA) covering the genomic sequence (base pairs 1-1482) 5' of exon 3 (see Results and Discussion). Restriction digestion with BamHI generated two probes covering a ~,8.1-specific (= base pairs 1-587 of the genomic sequence; see Computer-assistedAnalysis. Hydropathy profiles of the predicted NH2-terminal amino acid sequence of m~-expressed Nramp were obtained by computer-assisted analysis using the algorithm and hydropathy values of Kyte and Doolittle (14) . Amino acid sequence comparisons (15) were made using the FASTA programme on-line to the Clinical Research Centre Resource Centre (Harrow, UK).
Results and Discussion

Sequence Analysis of toO-derived Nramp cDNA Clones.
Screening an activated mO library yielded 15 full-length Nramp cDNAs, 14 of which differed from published (6) Nramp in the 5' terminal sequence. The longest m~b-derived cDNA ( Fig.   1 ; k8.1) was 186 bp shorter than Nramp. It contained the full-length coding region for the previously predicted protein and was identical over the coding region of the published (6) sequence except for two silent mutations (359 bp, C; 965 bp, T). It also exhibited 100% identity with no inframe stop codons for the region (base pairs 209-263) of putative UTR sequence immediately 5' of the published initiation codon. However, nucleotides 1-208 of k8.1 shared no identity with published Nramp. A more proximal ATG codon was identified at 72 bp in k8.1, preceded by an in frame stop codon at 36 bp. This proximal translational initiation codon is followed by an open reading frame (ORF) of 192 bp (64 amino adds) that leads into the ORF previously reported. Previous studies show that proximal initiation codons are used in >90% of genes analyzed (16) . Nor was there any evidence that the distal initiation codon would be favored, since both distal and proximal initiation codons and flanking sequences are identical (TCCTCATGA) and display only two identities with the optimal (17) (CC^/cCCATGG) consensus. Hence, there is no a priori reason why the proximal initiation codon would not be used. The additional 64-amino acid sequence is identical in resistant and susceptible mice (data not shown), is rich in Ser 10/64, Pro 10/64, basic 7/64 residues, and contains three consensus protein kinase C phosphorylation sites (S/T-X-R/K) on Ser 3, 37, and 52. Database searches also revealed a B-2 Alu-like repetitive element (not shown) within the 3' UTR, which produces complex signals when the full-length k8.1 dones is hybridized to mouse genomic DNA.
Genomic Sequence for the 5' Region of Nramp.
To determine whether mechanisms exist that could generate two RNAs and hence two types of Nramp clones, a region of genomic DNA spanning the divergence was characterized corresponding to nucleotides 31-456 of 2x8.1 (Fig. 2) . This region is encoded by four exons interspersed by three introns of 395, 900, and 241 bp, with all splice donor and acceptor sites conforming to the GT and AG boundaries. The first 47 amino acids of the 64 amino acid NH2-terminal domain of k8.1 are encoded by two proximal exons unique to this clone. The remaining 17 amino acids are encoded by exon 3, with exons 3 and 4 common to both X8.1 and the pub-
--.. > lished (6) Nramp cDNA. The 5' UTR sequence from the published clone was found in the 900-bp intron contiguous with and including part of exon 3, indicating that a single gene encodes both forms. Exon 3 is particularly unusual in that it encodes protein sequence in >,8.1, whereas for published Nramp it contains both coding and noncoding sequence.
Although a complex mechanism involving alternative splicing with an internal splice acceptor site and dual promoter control could be formulated to account for both forms, it seems more likely that the published (6) cDNA clone contains a fragment of the 900-bp intron at its proximal end. This is consistent with the observation that a number of the m~b-derived Nramp clones isolated here were found to contain sequence that exhibited identity with the first Nramp intron identified in genomic DNA (not shown). The human genomic sequence corresponding to base pairs 408-455 of the murine genomic sequence (Fig. 2) shows 77% identity with mouse at the nucleotide level (not shown) and 68% (82% with conserved substitutions) for the predicted amino acid sequence (Fig. 2) . The predicted amino acid sequence encodes a similar proline/serine-rich domain containing an additional 3 amino acid insert at position 21 of the murine sequence.
Only One Form of Nramp Is Expressed in mq~.
To confirm that RNA encoding the longer polypeptide is the form expressed in m~b, a number of experimental approaches were adopted (Fig. 3) . Using mq~ RNA as template, primer extension with an oligonucleotide unique to the 5' region of X8.1 yielded products in both susceptible and resistant mice mapping to nucleotides 50/51 of the cDNA sequence (Fig.  1 b) . In contrast, no products were generated using an oligonucleotide within the putative 5' UTR of published (6) Nramp. These experiments confirmed that RNA transcripts bearing the putative 5' untranslated region of the published cDNA are not present in resting (not shown) or activated ruff, whereas transcripts corresponding to the X8.1 sequence were identified with transcriptional initiation sites mapping 21 and 22 bp (doublet) 5' of the proximal ATG codon. A probe covering the 5' region unique to >,8.1 also hybridized well to Northern and slot blots of macrophage RNA from susceptible and resistant mice, whereas a probe covering the putative 5' UTR of the published clone showed no hybridization. Hence, the only form of RNA transcript present in m~b is that which conforms to the X8.1 predicted polypeptide sequence. It is therefore this polypeptide that is the candidate natural resistance protein.
Predicted Structure and Sequence Identities Across the NHeterminus ofmq~-expressed Nramtx
To determine how the additional domains of me.b-expressed Nramp influence the structure of the molecule, hydropathy (14) plots, and amino acid database searches were undertaken over the 64-amino acid domain. The former (data not shown) demonstrated that the new sequence is hydrophilic, and forms an extension to the NH2-terminal cytoplasmic domain. The amino acid database search (15) over this proline, serine and basic rich 64-amino acid domain identified three PKC phosphorylation sites (in addition to two identified in published Nramp), and a number of matches with unrelated proteins (Fig. 4) . The most in- 1685 Barton et al.
Brief Definitive Report CONSENSUS (4/9) X X X (S,A) P Nrarnp Encodes Proline/Serine-rich SH3-binding Domain provide a link between its structural identity with other transporters (6) and the decade of functional analysis demonstrating a role for the Lsh/Ity/Bcg gene in mq~ activation (7) (8) (9) (10) (11) (12) (13) . The pleiotropic effects of Nramp would thus be due to its role in providing the substrate essential for generation of NO involved in signal transduction and as the final effector for antimicrobial activity. Further analysis of m~b-expressed Nramp provides an exciting basis to future research aimed at understanding m~b activation at the molecular level.
